Introduction
Magnetic iron oxide nanoparticles have been widely investigated for their novel properties as well as their numerous applications in technological field and biomedicine [1] [2] [3] [4] [5] . The cubic spinel MFe 2 O 4 has a cubic inverse spinel structure with oxygen forming a fcc closed packing,whereM 2+ and Fe 3+ occupy either tetrahedral or octahedral sites. By adjusting the chemical identity of M, the MFe 2 O 4 nanoparticles can be engineered to provide a wide range of magnetic properties. It is well known that cobalt ferrite (CoFe 2 O 4 ) is a hard magnetic material with large magnetocrystalline anisotropy, having been considered as an excellent candidate for magnetic recording media [6, 7] . On the other hand, manganese ferrite (MnFe 2 O 4 ) is a typical soft ferrite with much smaller magnetocrystalline anisotropy, which is suitable for biomedical applications [8] . Bimagnetic nanoparticles MnFe 2 O 4 @CoFe 2 O 4 in a core-shell architecture have been extensively studied [9, 10] . The exchange coupling between the core and shell can be tuned by adjusting the thickness of shell and the size of core. Exchange coupled nanoparticles show very unique magnetic properties, attracting extensive scientific and technological interest [11] .However，precise control of exchange coupling between the core and shell is inconvenient to achieve because it call for the core and shell with extremely narrow size distribution and at least two-step synthesis. By contrast, magnetocrystalline anisotropy is easy to tuned by mixing Co and Mn into ferrite. Most excitingly, this was obtained by a one-pot reaction without multiple coatings, with all magnetic properties controlled conveniently by doping. In this paper, magnetocrystalline anisotropy can be tuned through composition control of a quaternary (Co x Mn 1-x )Fe 2 O 4 mixed ferrite nanoparticles. By varying Mn:Co ratio, blocking temperature, coercivity , and other magnetic properties can be systematically changed.
Experiments
Fe(acac) 3 (2mmol), Mn(acac) 2 and Co(acac) 2 (total 1 mmol), 1,2-hexadecanediol(10 mmol)oleic acid(3 mmol), oleylamine (3 mmol), and 20 mL benzyl ether was mixed and magnetically stirred under a flow of nitrogen. The mixture was first heated at120C for 30 minutes to remove the low boiling solvent, then to 200C for 1 hour. At a ramping rate of 10C min -1 the solution was further heated to reflux (~300C) and kept at 300C for 1 hour. The solution was cooled down to room temperature by removing the heat source. The mixtures were precipitated with ethanol, centrifuged to remove the solvent, and dispersed in hexane.
The nanoparticle size and morphology were characterized by transmission electron microscopy International Conference on Materials, Environmental and Biological Engineering (MEBE 2015) (TEM) using a JEOL model 4000EX microscope. The magnetic hysteresis loops were measured using a Quantum Design Physical Property Measurement System (PPMS) model 6000.
Results and discussion
The composition of Mn 1-x Co x Fe 2 O 4 nanoparticles was conveniently tuned by changing the ratio of Mn(acac) 2 With decreasing particle size, the magnetic stability of nanoparticles will become an important issue in technological applications due to thermal agitation. Each nanoparticle becomes a single magnetic domain and shows superparamagnetic behavior when the temperature is above the blocking temperature T B . The blocking temperature T B of superparamagnetic nanoparticles can be obtained from low-field zero-field cooled (ZFC) and field-cooled (FC) curve，which is defined as
where U is the anisotropy energy, τ 0 is the attempt frequency of the order of 10 −9 -10 −12 s, k B is the Boltzmann constant, t m is the measuring time. If the temperature is above T B , nanoparticles behave superparamagnetically; nanoparticles behave ferromagnetic when the temperature is below T B . Figure 3 is ZFC and FC curves of Mn 1-x Co x Fe 2 O 4 nanoparticles, where FC curves was measured at 100Oe field.ZFC curves of all nanoparticles appear a peak corresponding to the blocking temperature T B . The peak in a low-field ZFC curve is the consequence of the competition between the decrease in the moments of the superparamagnetic particles and the increase in the moments of the newly relaxed larger particles. T B estimated from ZFC curves for x=0.02, 0.06, and 0.08 is about 80 K, 140 K, and 170 K respectively. 
